Further modifications of the enzymatic technique for the preparation of isolated, intact, parenchymal cells from rat liver as previously described by this laboratory are presented together with a detailed account of several critical factors involved during the procedure . In addition, the fine structure of the cells as revealed by electron microscopy and the characteristics of their respiratory activity in different media and with several added substrates are described . It is shown that cells obtained by adding calcium during the preparative procedure retain approximately 34% more potassium than cells prepared solely in a calcium-free medium . The former cells also demonstrate a higher respiratory activity, which is not due to uncoupling of respiration . Electron microscopy reveals that the cells have an intact plasma membrane and well-preserved intracellular organelles . Glycogen particles are observed in all cells and are particularly abundant when either 20 mM pyruvate is added during the preparation or Eagle's Minimum Essential Medium is employed .
INTRODUCTION
In 1967, this laboratory introduced the first successful enzymatic technique for the preparation of intact isolated parenchymal cells from rat liver (16) . Since then we have been continually investigating possible modifications in the preparative technique in order to improve the morphology and metabolic activity of these cells . We have already reported some modifications of our original technique . These resulted in the production of suspensions containing a high percentage of intact and viable cells so that calcium ions stimulated oxygen uptake (17) instead of depressing it as had occurred with other liver cell preparations (2, 19) .
In this communication two further modifications are described . The first involves a stricter control of the pH of the incubation medium, which has resulted in the better preservation of the intracellular matrix and organelles of the cells and also a higher cellular respiratory activity . The second modification involves the addition of calcium to a previously calcium-free medium at an appropriate time during the preparative procedure . This procedure was developed as a result of our concern that cells prepared by our previous technique might exhibit some anomalies in structure or metabolic activity, owing to the medium employed during their preparation being deficient in calcium . In particular, we wondered whether this deficiency might account for the low amount of potassium reported in these cells (3) . It is shown, herein, that the second modification not only results in a greater retention of potassium in the cells, but also further improves their intracellular structure and further enhances their respiratory activity.
We have noted that our previously described procedure (16, 17) in the hands of some workers has resulted in the preparation of damaged cells (4, 10, 15, 20) . Since there are many critical factors involved in obtaining intact, isolated liver parenchymal cells, we are describing them in detail together with a complete account of our latest modified procedure . In addition, we are presenting some of the metabolic characteristics of these cells, particularly with respect to the effect of added substrates on respiration . It will be seen that the effect can depend on the nature of the incubation medium employed and that, besides affecting respiration, added substrates can also produce loss of cell viability and can result in a considerable alteration of the pH of the medium which bathes the cells .
EXPERIMENTAL PROCEDURE Materials
Adult male rats of the Sprague-Dawley strain weighing from 200 to 250 g were used throughout . Crude collagenase was obtained from Worthington Biochemical Corp ., Freehold, N. J . Hyaluronidase (type 1), crystallized and lyophilized bovine albumin, and sodium pyruvate were obtained from Sigma Chemical Co ., St . Louis, Mo . Deionized double quartz distilled water was used throughout . Solutions of all substrates were adjusted to pH 7 .4 before use when necessary. All glassware was siliconized . The Stadie-Riggs tissue slicer was purchased from Arthur H . Thomas Co ., Philadelphia, Pa. and the nylon mesh of 61 µm pore size from Henry Simon, Ltd ., Cheadle Heath, Stockport, England . Media used were Hanks solution (13), Krebs-Ringer phosphate solution (5) , and calcium-free Minimum Essential Medium based on Hanks solution (Microbiological Associates, Inc., Bethesda, Md .) of the formulation of Eagle (6) .
Preparation of Cell Suspensions
An entire rat liver was removed under ether anesthesia, rinsed with ice-cold calcium-free Hanks solution, and perfused (a) immediately through the portal vein with 15 ml of ice-cold enzyme solution (b) . The enzyme solution was 0.05% collagenase (c) and 0 .10% hyaluronidase dissolved in calcium-free Hanks solution (d) . The tissue was then cut into slices, by hand (e), with a Stadie-Riggs tissue slicer . Slices, 2 or 3 g, were placed into each of three 250-ml Erlenmeyer flasks containing 10 nil of enzyme solution (f) . All procedures to this point were carried out at 4°C.
The flasks were then incubated at 37°C in an atmosphere of 100% oxygen (g) and shaken at a rate of 90 oscillations per minute . Incubation was carried out either for 70 min in the calcium-free medium (method A) or for 55 min, 0 .1 ml of 1 .41% CaCl2 solution having been added to each flask at 35 min (method B) . Other variations of these methods are described in the Results . The pH of the enzyme solution was periodically adjusted during the incubation . This was performed by the dropwise addition of 0 .1 N NaOH until the color of phenol red indicated the reaction mixture to be approximately pH 7 .4 . These adjustments were generally made after 20 and 40 min of incubation . At the end of the incubation period, the contents of the flasks were filtered through a single layer of stocking nylon and then through nylon mesh of 61 ,um pore size (h) .
The filtration was aided by the addition of ice-cold calcium-and glucose-free Hanks solution (j) to a final volume of approximately 80 ml. This was transferred to two 50-ml centrifuge tubes and the cells were sedimented for 1 min at 50 g (k) in a Sorvall GLC-1 centrifuge . The supernatants were removed with a pipette and the cells were washed twice in 10 ml of ice-cold calcium-and glucose-free Hanks solution . The cells were dispersed in the wash solution by blowing the medium onto the pellet from a pipette . After each washing, the cells were sedimented by centrifugation at 20 g for 1 min (1) . After the final centrifugation the cells were resuspended in the incubation medium and used immediately (m) .
It is important to stress that the cells are easily damaged by mechanical abrasion and so must be handled gently throughout the preparative procedure (n) . Yields ranging from 2 to 8 million cells per gram wet weight of liver can be obtained. The preparation consists almost entirely of parenchymal cells, of which 85-98% are viable . The viability and appearance of the cells (o) should be noted at the beginning of every experiment . It not only gets rid of blood cells but also makes the enzymes readily available to all of the tissue . Perfusion was carried out by gently injecting the enzyme solution into the liver with a syringe . The needle of the syringe is inserted in turn into each of the primary branches of the portal vein immediately where they enter each lobe of the liver . The liver should become completely blanched . To ensure this, a greater volume of enzyme may be used for the perfusion. In addition, the needle of the syringe can actually be inserted into different parts of the liver or into blood vessels other than the portal vein . It is important that the perfusion is not forceful, as this will damage the cells .
(b) : The liver perfuses more easily with warm enzyme solution . However, an ice-cold solution is preferred by the present workers, as this cools down the liver more rapidly. Liver slices are generally prepared at cold temperatures so as to slow down the metabolism of the cells and so reduce the requirement for oxygen .
(c) : Commercial collagenase preparations can vary considerably . On occasions this laboratory has encountered preparations with which very low yields of cells were obtained or the cells were not exhibiting their normal metabolic characteristics . Therefore, it is advisable to test a small quantity of the enzyme before ordering a large batch .
(d) : The choice of medium for dissolving the enzymes is important . The use of complete Hanks solution or Krebs-Ringer phosphate solution (with or without calcium) results in very low yields of cells (less than I X 106 cells per gram of liver) .
(e) : The preparation of slices is designed to facilitate adequate oxygenation of the tissue during the incubation with enzymes, and so the slices should be made as thin as possible . Thick slices also do not disperse as readily into isolated cells . In the present work the slices were approximately 0 .3 mm-0 .4 mm thick .
The use of the Stadie-Riggs tissue slicer is highly recommended . Attempts in this laboratory to obtain reasonable yields of cells from slices obtained with an automatic tissue chopper (Mcllwain Tissue Chopper, The Mickle Laboratory Engineering Co ., Gomshall, Surrey, England) were unsuccessful . It appears that the force of the blade damages a high percentage of the cells during the preparation of the slices .
(f) : The volume of enzyme solution and the size of the flasks were chosen so as to provide enough motion of the contents to disperse the slices into isolated cells without any further mechanical treatment . A larger volume of solution also increases the depth of the medium over the slices . This greater depth would hinder the availability of oxygen to the slices (25) .
(g) : The oxygen is first saturated with water by bubbling it through water at 37°C, and then blown constantly over the enzyme solution in the flasks . It is felt that this facilitates the oxygenation of the slices better than the technique of initially gassing the flasks and stoppering them up. This laboratory has found that low yields of poor quality cells are obtained when air is used as the gas phase . This is not surprising since it has been reported that a high oxygen tension is necessary for the inner cells of liver slices to 644 TIIE JOURNAL OF CELL BIOLOGY • VOLUME 557, 1973 survive (9) . Thus, for adequate oxygen to reach the inner cells of slices, approximately 0 .35 mm thick, its tension needs to be 1 atm .
The use of 100% oxygen is preferred to the mixture of 95% oxygen and 5% CO2 previously described (16, 17) . The reason for this is that it is easier to maintain a pH close to 7 .4. As the slices disperse, the enzyme solution becomes more acid . In fact, it was found that when 95% 02 and 5% CO2 was used the enzyme solution quickly dropped to pH 6 .6 . The use of 100% oxygen counteracts this . However, it is still necessary at times to readjust the pH of the enzyme solution . The addition of drops of 0 .1 N NaOH does not appear to do any harm. Adjustments to the pH are least required when 3 g of slices are present in the flasks.
(h) : The use of this mesh is to separate out clumps of cells. It is rare to find other than single or paired cells in the filtrate. The contents of the flasks should be gently filtered, preferably directly into small beakers, so that the cells do not have to drop from a great height .
(j) : Cold calcium-and glucose-free Hanks solution for aiding filtration and also washing was chosen because in several experiments the addition of calcium or glucose was being studied . Krebs-Ringer phosphate solution was not used in the washing procedure. This solution occasionally contains a precipitate which would accumulate with the cells during centrifugation .
(k) : The centrifugation speed and time should be strictly adhered to . Faster speeds result in the sedimentation of broken cells and debris. These can be observed as a white fluffy layer on top of the cell pellet and should be removed, if present . However, at a faster speed nonviable cells also mix in with the cell pellet and are difficult to eliminate .
(1) : The lower g force assists in eliminating damaged and nonviable cells . Therefore, it is important not to spin faster .
(m) : It has been reported that liver slices take up water, calcium, and sodium ions while losing potassium and magnesium ions at a low temperature (14, 27) . Such changes in the ionic environment may be harmful to the cells. In fact, the percentage of viable cells obtained in the preparation decreases the longer they are stored at 4°C .
(n) : It has been emphasized previously (16, 17 ) that mechanical force damages liver cells . The studies of Berry and Friend (3) indicate clearly why this is so . Thus, although the enzymes loosen the cells, they are still attached at tight and gap junctions . An intact cell when it separates has a part of the plasma membrane of an adjacent cell adhered to it . It is clear that mechanical treatment must be kept to a minimum so as to avoid tearing of the plasma membrane of all cells . The gentle shaking of liver slices as described in this paper, appears to be the best way to accomplish the separation of the loosened cells .
(o) : It is important to check t :ie appearance and viability of the cells for each experiment . The cells should be round and have a well-defined plasma membrane (17) . Viability was determined in this work with trypan blue . It must be stressed that viable cells do not take up any trypan blue . Damaged cells are identified by a darkly-stained nucleus and a lightly-stained cytoplasm.
Measurement of Potassium
Potassium was measured in a flame photometer (Baird Atomic, Inc., Bedford, Mass .) using standard techniques . The cells were washed twice with an icecold solution consisting of 5 parts of 0 .9% NaCl and 1 part of sodium phosphate buffer (0.1 M, pH 7.4), instead of with calcium-free Hanks solution, and finally suspended in deionized double quartz distilled water. They were then disrupted by sonification . The concentration of potassium for both isolated cells and homogenates of liver was based on protein, which was measured by the method of Lowry et al . (22) .
Respiration Studies
Isolated cells were incubated in 3 nil of KrebsRinger phosphate solution, pH 7 .4, except where otherwise noted. Oxygen uptake was measured in a Gilson respirometer (Gilson Medical Electronics, Inc ., Middleton, Wis.) as previously described (17) . Carbon dioxide production was determined by omitting KOH from the center wells of flasks and subtracting the gaseous change from that observed for oxygen uptake. Rates of oxygen uptake are expressed as microliters per hour per million cells . Q02Prot values can be calculated from these rates (Q02pro, = microliters of oxygen uptake per mg protein per hour) . It was previously found that one million cells is equivalent to 2 .3 mg of protein (17) . The viability of liver cells was estimated by 0 .2% trypan blue staining and observed by light microscopy. This was carried out at the beginning and at the end of incubations. Cell counts were determined with a hemocytometer. The pH of solutions was determined with a Corning Model 12 pH meter (Corning Glass Works, Science Products Div., Corning, N . Y .) .
Electron Microscopy
After sedimentation of the washed cells, the pellet was resuspended in 2 ml of cold 4% glutaraldehyde in phosphate buffer by gentle pipetting . This suspension was kept on ice for 15 min at 4°C . The supernatant was removed, replaced with fresh fixative, and allowed to stand for several hours . The sediment was trimmed into 1 mm3 pieces. These pieces were postfixed in 1 % phosphate-buffered osmium tetroxide, dehydrated in graded ethanols, and embedded in Maraglas mixture. Thin sections were stained with lead citrate for electron microscope examinations.
RESULTS
The Preparation of Isolated Liver Parenchymal Cells EFFECT OF CALCIUM ON CELL YIELD Table I shows the effect of calcium on the yield of isolated liver parenchymal cells obtained by the enzymatic technique fully described in the Experimental Procedure . It can be seen that the yield of cells is considerably lower when calcium is present throughout the entire incubation or added after 10 min than when it is completely omitted from the medium . The lower yields of cells are due to the failure of the liver slices to disperse rather than to the enzymes employed attacking cells that have already been isolated . Concentrations of calcium as low as one third of that used in the experiment shown in Table I also hindered dispersion of the slices when present during the entire preparation . It is also seen in Table I that if calcium is added after 20 min or longer, the yield of cells is as great as or greater than that obtained when no calcium Two rat livers were each perfused with 30 ml of enzyme solution (0 .05% collagenase and 0 .1% hyaluronidase in calcium-free Hanks solution) . Slices from these livers were evenly distributed among six preparative flasks and incubated in 10 ml of enzyme solution for a total of 60 min . 0.1 ml of 1 .41% CaC12 solution was added to the preparative flasks at the times indicated . This addition results in a final concentration of calcium of 1 .26 mM as found in complete Hanks solution . 
AverageLPotassium Content of Liver Cells Prepared in Different Media
The livers were perfused with the same medium as that used for the incubation of slices . All media contained 0.05% collagenase and 0 .1%o hyaluronidase . Slices from the perfused livers were incubated for 60 min . 0 .1 ml of 1 .41% CaC12 solution was added where indicated . All measurements were from populations containing over 90% of viable cells . The average potassium content for liver homogenates was 489 t 9 m-equiv/kg protein (30 experiments) .
* Mean value t standard error of mean . $ Number of experiments .
is added . We observed during this work that cells incubated for longer than 30 min with calcium tended to assume a ragged appearance although they did not take up trypan blue . In practice, we find that the highest quality cells are obtained when calcium is added after 25-35 min with a subsequent incubation period of 20-25 min . In this way, yields ranging from four to six million cells per gram wet weight of liver are routinely obtained with 85-98% of the cells viable . These cells are round and have a well-defined plasma membrane (see reference 17) . Table II shows that the addition of calcium during the preparation of the liver cells has a marked effect on their potassium content . Thus, 646 THE JOURNAL OF CELL BIOLOGY . VOLUME 57, 19'73 they contain 34% more potassium than cells prepared solely in a calcium-free medium . This is not the result of the cells prepared with calcium having less protein since the amount of protein per million cells was found to be the same for cells obtained from both preparative procedures . The amount of potassium in the liver cells prepared with the addition of calcium is even higher when pyruvate is present in the incubation medium, but is still only 74% of that found for liver homogenates (Table  II) . This effect of pyruvate was not observed when calcium was omitted during the entire procedure . Crystalline bovine albumin (1 0/,) does not increase the potassium content of the cells (Table II) . Similar results were obtained with concentrations as high as 4% . Albumin also did not further increase the potassium content when calcium was added during the preparation . Cells prepared with albumin tended to have a ragged appearance although they did not take up trypan blue . Table III shows that the potassium content of liver cells is higher when calcium is added during the preparative procedure to other media based on sodium chloride . In Experiment 2, the liver was kept at 37°C throughout and the cells were washed with NaCl-phosphate buffer solution at the same temperature . Cells isolated in this way together with exposure to calcium during the preparative procedure are still partially deficient in potassium, and those cells prepared solely in the calcium-free medium still contain considerably less potassium than when calcium is added . It is clear, therefore, that the presence of calcium plays a more important part than temperature in the retention of potassium in these cells .
EFFECT OF CALCIUM ON POTASSIUM CONTENT
Electron Microscopy Studies Fig . 1 shows the fine structure of a parenchymal liver cell which is representative of the cell population obtained by incubating liver slices with collagenase and hyaluronidase in calcium-free Hanks solution (method A described in Experimental Procedure) . The plasma membrane is intact with numerous microvilli projecting from the surface . In general, the mitochondria are intact except that many do not show the presence of cristae. The nucleus and endoplasmic reticulum are well preserved . The slight swelling of the endoplasmic reticulum which was observed in the cells prepared by the original technique of Howard et al . (16) is not evident . Darkly-stained particles of glycogen are scattered throughout the cell .
There are some signs of damage, however . The saccules of the Golgi apparatus are slightly dilated, and small vacuoles are present in a few areas . There are no microbodies present in Fig . 1 , although some were observed in other electron micrographs . Nevertheless, the number of microbodies, myelin figures, lysosomes, and vacuoles is considerably less than in those cells prepared by Howard et al. (16) . Fig . 2 reveals the fine structure of a typical cell obtained by adding calcium during the preparative procedure (method B described in Experimental Procedure) . The plasma membrane, nucleus, mitochondria, endoplasmic reticulum, and glycogen are well preserved . Two improvements in these cells over the cells prepared in a calcium-free medium were noted . First, the cristae are well defined in practically all of the mitochondria . Second, none of the cells with an intact plasma membrane reveals a swollen Golgi apparatus .
The presence of 20 mM pyruvate in the incubation flasks further increases the potassium content of the cells when calcium is added during the preparative procedure (Table II) . The fine structure of cells so prepared is extremely well preserved . Fig. 3 represents part of a typical cell . In the areas shown there are no signs of degeneration. Intact mitochondria and stacks of undilated saccules of Golgi are present . The particulate glycogen is abundant . Overall, more glycogen was observed in these cells than in those prepared in Hanks solution in which glucose is the sole substrate . Fig. 4 shows part of a typical cell obtained by method B, except that calcium-free Eagle's Minimum Essential Medium was used for dissolving the enzymes . The fine structure of these cells is extremely well preserved and glycogen is exceptionally abundant . a calcium-free medium (method A but with 55 min allowed for incubation) . In 11 paired experiments, in which cells were prepared from the same liver for each experiment with or without the addition of calcium, the average oxygen uptake of the former in Krebs-Ringer phosphate solution was 30 .0 ± 0 .98 µl/hr per 10 6 cells, (Qo21 0t = 13 .0) whereas that of the latter was 25 .2 f 1 .20 µl/hr per 10 6 cells (Q0 2 Pr°t = 11 .0) . The standard error of the average mean difference in oxygen uptake, as determined by paired data analysis, was ± 1 .13 and is highly significant (p < 0.005) . These rates were maintained for 60-120 min with a subsequent gradual decline . The higher rates of oxygen uptake in cells prepared with the addition of calcium is not the result of respiration being uncoupled, since the addition of 2,4-dinitrophenol greatly stimulated oxygen uptake in these cells (Fig . 5) . Although suspensions containing a high percentage of viable cells could occasionally be obtained by carrying out the whole preparative procedure at 37°C, these cells had considerably lower rates of respiration than cells which had been exposed to ice-cold temperatures (method B employed) . The best rate obtained was 14 .0 µ102/h per one million cells . Electron microscopy revealed that these cells contained many vacuoles and that numerous mitochondria had lost their cristae .
The respiratory characteristics which follow were carried out with cells prepared in a calcium-FIGURE 3 Cells prepared as in Fig . 2 , but 20 mM pyruvate was present throughout. All organelles, including the nucleus (N), mitochondria (M), endoplasmic reticulum, and Golgi apparatus (G), are well preserved . Darkly-stained particles of glycogen (GI) are very prominent . Scale bar, 1 Am . X 25,000 . (21 experiments) . This rate is lower than that described for method A above .
However, incubation of the tissue during the preparative procedure was for 70 instead of 55 min .
Cells prepared by method A respire in 100% rat serum at a rate approximately twice that in Hanks solution (Fig . 6) . The initial rate of oxygen uptake 652 THE JOURNAL OF CELL BIOLOGY . VOLUME 57, 1973 
EFFECT OF CARBOHYDRATE SUBSTRATES
ON RESPIRATORY ACTIVITY : Oxygen uptake is stimulated by fructose and pyruvate but not by glucose (Fig. 7) . In fact, glucose slightly depresses the initial respiratory rate . The respiration rate declines more rapidly with fructose than with pyruvate or glucose . This can be associated with the greater acidity of the incubation medium which develops when fructose is added . Usually, pyruvate has the opposite effect . Fig . 7 shows that in the presence of pyruvate, the pH of the incubation medium is higher than when no substrate is added . In another experiment, oxygen uptake was almost linear for 5 h with added pyruvate, there was little loss of cell viability and the pH of the incubation medium rose to 7 .9 . By contrast the pH of the medium, when no substrate is added or with the addition of 10 mm glucose, always falls below 7 .4 . The incubation medium becomes more acidic with 50 mM glucose than with 10 mM glu- cose but oxygen uptake is still no higher than with endogenous substrates .
Of all the substrates utilized in our work to date, pyruvate has been the best for maintaining both respiratory activity and cell viability . This latter parameter is important as seen from the results of succinate-supported respiration later in this paper . Oxygen uptake is even better maintained over a long time period when glucose is added with pyruvate (Fig . 8) .
EFFECT OF INTERMEDIATES OF THE TRI-CARBOXYLIC ACID CYCLE ON RESPIRATORY
ACTIVITY : Table IV shows that the various intermediates of the tricarboxylic acid cycle produce different degrees of stimulation to the initial rate of oxygen uptake . Succinate more than doubles the rate and this is maintained for the full 2 h of incubation. Oxalacetate is the only other intermediate which produces a large stimulation, but this high rate is not maintained . Citrate does not stimulate oxygen uptake, and a-ketoglutarate and malate only produce a slight stimulation .
The rapid decline in the rate of oxygen uptake with added oxalacetate can be associated with the pH of the incubation medium becoming alkaline (Table IV) . This rise in pH is more rapid than that observed with pyruvate . At a pH of 8 .5 all of the cells are nonviable . Only with added citrate is the original pH of the medium maintained . In all other cases it is lowered to the same value of 6 .9 .
The addition of the intermediates of the tricarboxylic acid cycle results in a more rapid loss of cell viability (Table IV) . The percentage of viable cells was difficult to determine when citrate had been added to the incubation medium as the cells had all clumped together. This may have been due to the calcium in the medium complexing with citrate .
EFFECT OF CALCIUM AND SUCCINATE ON RESPIRATORY ACTIVITY
The effects of calcium and succinate on the respiratory activity of liver cells are shown in Table  V . It is seen that the endogenous rate of oxygen uptake is lower when calcium is omitted from either Krebs-Ringer phosphate solution or glucose-free Hanks solution than when present . This effect is more dramatic with the latter medium . It should be noted that the endogenous rate of oxygen uptake falls more rapidly when calcium is omitted from both media . The rate of respiration also falls off more rapidly in glucose-free Hanks solution (calcium present or absent) than in Krebs-Ringer phosphate solution . The faster decline in rate in the former medium can be associated with its alkaline pH . This process has been described in detail previously (17) .
Succinate-supported respiration differs considerably in the four media shown in Table V . Thus, the initial rate in glucose-free Hanks solution is four times that in the calcium-free medium and approximately twice that in Krebs-Ringer phosphate solution . Another difference is that oxygen uptake is greater in calcium-free Krebs-Ringer phosphate solution than in the complete medium, whereas it is greater in glucose-free Hanks solution than in the calcium-free medium .
All cells incubated with succinate in the four media shown in Table V were nonviable after 4 h of incubation . At this stage, the pH of glucose-free Hanks solution (calcium present or absent) had risen to 8 .7 and so the cells exhibit negligible oxygen uptake (Table V) . In contrast, the pH of Krebs-Ringer phosphate solution (calcium present or absent) had fallen to 7 .1 . At this pH, the cells incubated with succinate still actively consume oxygen despite complete loss of viability .
Unlike its effect on oxygen uptake, succinate does not greatly stimulate carbon dioxide production so that the RQ for the cells is reduced (Table TABLE IV Effect of Intermediates of the Tricarboxylic Acid Cycle on the Respiratory Activity and Viability of Liver Cells
The cells were suspended in 3 ml of Krebs-Ringer phosphate solution . All substrates were 20 mM . Cells were prepared by method A . min VI) . Similar observations have been made with liver slices (7, 29) . It has also been demonstrated that most of the added succinate accumulates as malate or fumarate (29) . Thus, the increase in oxygen uptake produced by succinate in these cells appears to be due to the direct transfer of electrons from this substrate to the electron transport chain 6 5 4 THE JOURNAL OF CELL BIOLOGY . VOLUME 57,1973 * A formula has been presented for converting the apparent to real output of CO2 in constant-pressure respirometers (12) . This is difficult to apply in these studies as the pH of the medium changes during incubations and this affects the amount of CO2 retained by the medium (26) . In the present experiments it is sufficient to record the apparent volume since the pH of the medium is the same whether succinate is present or not. t RQ is the respiratory quotient and represents the ratio of CO 2 produced/oxygen consumed .
chymal cells . Ideally, one would like to expose the liver to calcium throughout the entire preparative procedure . However, it is apparent from our results that a calcium-free medium must be employed during part of the procedure in order to obtain adequate yields of cells . This may be the result of one or more of the contaminating enzymes in crude collagenase being more active in a calcium-free medium . On the other hand, it is well established that the removal of calcium from the liver by perfusion with chelating agents loosens cell adhesion (1) . Therefore, perfusion, and incubation of the liver with a calcium-free medium may partially promote this loosening .
We have shown that more potassium is retained in cells which are exposed to calcium during the preparative procedure . Geyer et al . (11) have reported similar findings with rat liver slices incubated in both aerobic and anerobic conditions . Although the present results show that the addition of calcium to calcium-free Hanks solution more than doubles the rate of oxygen uptake of isolated liver cells, its effect on potassium retention does not appear to be related to a higher respiratory activity since albumin, which also stimulates oxygen uptake (16), does not increase the potassium content of the cells . Therefore, the effect of calcium on potassium retention may be at the plasma membrane of the cells as suggested by Geyer et al . (11) .
We have also shown that cells exposed to calcium during their isolation exhibit higher rates of oxygen uptake, which are not due to uncoupling of respiration . This may possibly be associated with the better preservation of the mitochondria within the cells. Thus, we noted a loss of some mitochondrial cristae in cells prepared without calcium (Fig . 1) .
This laboratory now routinely prepares cells using the technique of adding calcium during the preparative procedure (method B) . The present studies have shown that the addition of 20 mM pyruvate during the preparative procedure further increases the potassium content of these cells . Cells prepared with pyruvate are extremely well preserved (Fig . 3) . However, this laboratory is still rather cautious about adopting the procedure of adding 20 mM pyruvate during the preparation of the cells, since the liver is not normally exposed to such a high concentration of this substrate in vivo . From the results detailing the potassium content of the cells and our electron microscope studies, the use of Eagle's Minimum Essential Medium during the preparative procedure is more attractive . This medium contains amino acids and vitamins . Possibly, an even more supplemented medium than this might be considered for future work .
Some excellent modifications of our original enzymatic technique have been made by Berry and Friend (3) . They obtain high yields of viable cells by employing a continuous recirculation perfusion Another advantage of our technique is that glycogen is extremely well preserved in the cells . In Table V where the degree of the stimulation of oxygen uptake by succinate was completely different in the four media employed . (c) The addition of some substrates can result in drastic changes in the pH of the extracellular medium so that the cells become nonviable with a resultant decrease in oxygen uptake . This was observed when fructose or oxalacetate was the substrate (Fig. 7 , Table IV ) .
(d) The viability of cells can be lowered by the addition of certain substrates which do not produce a nonphysiological extracellular pH . Thus we observed a lowering of cell viability when any tricarboxylic acid cycle intermediate was added (Table IV) . (e) Nonviable cells still respire at high rates with added succinate . From these observations we recommend that during long-term incubations, which are necessary for some metabolic experiments, a careful watch should be maintained over the pH of the incubation medium and that cell viability also be measured, otherwise some anomalies with respect to the interpretation of data could arise . These measurements might also be an aid in determining some metabolic processes .
As summarized by Sandstrom (24) , trypan blue stains nonviable cells because of increased permeability of the plasma membrane . Therefore, it appears from the present studies that the addition of intermediates of the tricarboxylic acid cycle interferes with processes associated with the control of the plasma membrane of isolated liver cells . This loss of control may be due to an insufficient supply of ATP at the plasma membrane . Thus, some of the energy produced in these conditions may be utilized for the movement of the carboxylate anions and accompanying cations in and out of the mitochondria. Such a mechanism has been proposed by van Rossum (28), who observed that there was no net increase in ATP production in the succinate-stimulated oxygen uptake of liver slices . It is interesting in this respect that over long periods of incubation we have found that succinate is the most effective substrate which produces a complete loss of cell viability at physiological pH . Although Table VI shows that succinate does not hinder the flow of the tricarboxylic acid cycle initially, other experiments in this laboratory have indicated that, as the period of incubation increases, the direct oxidation of succinate dominates and the flow of the tricarboxylic acid cycle is progressively slowed down . Presumably, most of the energy produced is now utilized for ionic transport in and out of the mitochondria so that none is available at the plasma membrane .
Since we first developed this enzymatic technique (16) we have constantly been searching for modifications so that the quality of the cells might be improved. The first objective was to ensure that a high percentage of the cells obtained had intact plasma membranes so that the intracellular organelles were protected from extracellular physiological saline media . After this, we desired to improve the quality of the intracellular organization of the cells . The present results have demonstrated our advances . Thus 85-98% of the cells obtained have intact plasma membranes, display a well-preserved intracellular structure, retain considerably more potassium than before, and respire at higher rates in physiological saline media . Other studies in this laboratory show that the cells synthesize DNA, RNA, protein, and glycogen and that they can be maintained in monolayer tissue culture for as long as 10 days . 
